Granular biomass was temporally sampled from a cold (4-15 1C) anaerobic bioreactor, which was inoculated with mesophilic biomass and used to treat industrial wastewater in a long-term (3.4 year) study. Data from 16S rRNA gene clone libraries, quantitative PCR and terminal restriction fragment length polymorphism analyses indicated that microbial community structure was dynamic, with shifts in the archaeal and bacterial communities' structures observed following start-up and during temperature decreases from 15 to 9.5 1C (phase 1). Specifically, the relative abundance of architecturally important Methanosaeta-like (acetoclastic) methanogens decreased, which was concomitant with granule disintegration and the development of a putatively psychrophilic hydrogenotrophic methanogenic community. Genetic fingerprinting suggested the development of a psychroactive methanogenic community between 4 and 10 1C (phase 2), which was dominated by acetogenic bacteria and Methanocorpusculum-like (hydrogenotrophic) methanogens. High levels of Methanosaeta-like acetoclastic methanogens and granular biofilm integrity were maintained during phase 2. Overall, decreasing temperature resulted in distinctly altered microbial community structure during phase 1, and the development of a less dynamic psychroactive methanogenic consortium during phase 2. Moreover, psychrophilic H 2 -oxidizing methanogens emerged as important members of the psychroactive consortia after 41200 days of low-temperature cultivation. The data suggest that prolonged psychrophilic cultivation of mesophilic biomass can establish a well-functioning psychroactive methanogenic consortium, thus highlighting the potential of low-temperature anaerobic digestion technology.
Introduction
Three quarters of the Earth's biosphere is permanently exposed to low temperatures (Metje and Frenzel, 2007) . Psychrotrophic and psychrophilic Archaea contribute significantly to the biomass in the predominantly cold biosphere (for example, c. 10 28 cells in the world's oceans) and typically, these habitats are characterized by hypoxic/anoxic conditions and are low in inorganic terminal electron acceptors (Horn et al., 2003) . Under such conditions, organic matter is principally biotransformed through methanogenesis (Conrad et al., 1989) . During anaerobic digestion (AD), organic matter is sequentially degraded by complex microbial consortia to simple precursor compounds, such as acetate, H 2 /CO 2 , formate and methanol, from which methanogenic Archaea produce methane and carbon dioxide (biogas). Temperature influences the rate and path of carbon flow during methanogenesis by affecting the activity of particular microbial groups and the structure of the consortia (Glissmann et al., 2004) . Normally, two-thirds of methane is produced through acetate (Conrad, 1999) . In lowtemperature natural environments, acetoclastic methanogenesis is widely reported as the dominant methanogenic pathway (Schulz et al., 1997; Fey et al., 2004) . Increased acetate production through enhanced homoacetogenic activity may account for this phenomenon in low-temperature environments (Schulz and Conrad, 1996) . However, hydrogenotrophic methanogenesis has also been shown to play an important role in cold terrestrial habitats (Horn et al., 2003; Kotsyurbenko et al., 2007) . It is proposed that the predicted increase in global temperatures will result in substantially increased methane emissions from cold biomes (Galand et al., 2003) . As methane is a potent greenhouse gas, its increased emission will likely further accelerate climate change (Metje and Frenzel, 2007) .
In addition to this, AD has long been applied for the reclamation of industrial and domestic wastewater. Low-temperature AD (LTAD) has emerged as an economically attractive waste treatment strategy, which confers considerable advantages over conventional mesophilic (420 1C) and thermophilic (445 1C) treatments, primarily due to increased net energy yields (Lettinga et al., 2001) . This technology has been successfully applied at laboratory-scale for the treatment of a broad range of wastewaters (for example, Rebac et al., 1999; Enright et al., 2005; Collins et al., 2006; Syutsubo et al., 2008; Bergamo et al., 2009) . Improved bioreactor designs now enable high rates of conversion under low-temperature conditions through a combination of (i) high mixing intensities (that is, facilitates high rates of mass transference) and (ii) enhanced retention of psychroactive biomass. Indeed, LTAD is poised to replace aerobic microbiological treatments as the core process of waste-to-energy technologies for enhanced sustainability in the coming decade.
Yet, comparatively little is known about the genetics and physiology of the microorganisms inhabiting cold environments, or of the molecular mechanisms that facilitate low-temperature survival. Indeed full-scale LTAD application is hindered by a deficit of fundamental information on the microbial interactions underpinning the process, which may lead to unstable and sub-optimal performance. To comprehend and exploit microbial communities from low-temperature environments, information on the pathways of lowtemperature biodegradation and the in situ ecophysiology of psychroactive organisms is required.
Recently, we reported on the performance of a low-temperature (4-15 1C) anaerobic bioreactor during a long-term trial (3.4 years; McKeown et al., 2009) . In this study, 16S rRNA gene-based techniques and physiological assays were applied to biomass samples to monitor the microbial population dynamics and the emergence of psychrophilic methanogens during the trial.
Materials and methods

Source of biomass
Temporal samples of biomass were obtained from an expanded granular sludge bed anaerobic filter hybrid bioreactor, which was originally seeded with a mesophilic inoculum, that was used to treat a moderate-strength volatile fatty acid (VFA)-based wastewater between 4 and 15 1C (McKeown et al., 2009) . The trial was organized into two experimental phases, phase 1 (period (P) I-VI) and phase 2 (PVII-X), which were each characterized by changes applied either to the operational temperature or the hydraulic conditions, and are presented in detail in Table 1 .
Physiological assays
Batch specific methanogenic activity (SMA) assays were performed using the seed inoculum and reactor biomass samples from day 673 and day 1243 according to the protocols developed by Colleran et al. (1992) and Coates et al. (1996) , and as described in detail in McKeown et al. (2009) . At 15 months after the conclusion of the trial, the hydrogenotrophic methanogenic activity of the reactor biomass-which had been stored at 4 1C without receiving any additional substratewas determined.
Extraction and amplification of 16S rRNA genes Total community nucleic acids were extracted from biomass sampled at: day 0 (mesophilic inoculum), days 94, 136, 268, 275, 301 and 428 (all 15 1C) , days 506 (13.5 1C), 673 (9.5 1C), 820 (8.5 1C), 849 (10 1C), I  II  III  IV  V  VI  VII  VIII  IX  X   Days  0-434  435-516  517-557  558-583  584-630  631-673  674-830  831-1057  1058-1161  1162-1243  T   a   15 13.5 12.5 11.5 10.5 9.5 9-8. DeLong, 1992) . PCR mixtures and reaction conditions are described by Enright et al. (2007) . Cloning (TOPO TA; Invitrogen, Carlsbad, CA, USA), amplified ribosomal DNA restriction analysis (ARDRA), plasmid sequencing and phylogenetic analyses were carried out as outlined by Collins et al. (2003) .
Accession numbers
The partial 16S rRNA gene sequences determined in this study were assigned the following accession numbers: Bacteria-DQ386699-DQ386704 (inoculum); EU722369-EU722392 (day 673); EU722352-EU722368 (day 1228); Archaea-DQ679927-DQ679-933 (inoculum); FJ347527-FJ347532 (day 1228).
TRFLP analysis
Terminal restriction fragment length polymorphism (TRFLP) analysis of PCR-amplified 16S rRNA genes was carried out as above, except that reverse primers (1392R and 958R) were 5 0 -carboxyflourescein (FAM) labelled and forward primers (27F and 21F) were 5 0 -hexachloroflourescein (HEX) labelled. Enzymatic restriction with HhaI was carried out as per the manufacturer's instruction (Promega, Woods Hole, WI, USA). Terminal restriction fragments (TRFs) were sized using an ABI 310 capillary gene sequencer (Gene Analysis Service, Berlin, Germany).
Terminal restriction fragment length polymorphism data analysis was conducted either qualitatively by creating binary matrices whereby the presence ('1') or absence ('0') of individual TRFs was scored, or semi-quantitatively by calculating the relative abundance of TRFs normalized by the total area of the respective TRF patterns. Additional information pertaining to the multivariate statistical analysis of TRFLP matrices by non-metric multidimensional scaling ordination and cluster analysis is provided in Supplementary Materials.
Quantitative PCR assays
Methanomicrobiales and Methanosaetaceae populations were quantified by real-time PCR (qPCR) using the DNA samples of days 673, 820, 1059 and 1228. qPCR was carried out using a LC 480 (Roche, Mannheim, Germany) with two primer/probe sets, MMB-and Mst-sets, specific for Methanomicrobiales and Methanosaetaceae, respectively (Yu et al., 2005) . Each reaction mixture was prepared using the LC 480 Probes Master kit following the manufacturer's instructions (Roche). Details pertaining to thermal cycling information and construction of quantification standard curves are provided in Supplementary Materials. The 16S rRNA gene population ratio of Methanomicrobiales to Methanosaetaceae was directly calculated by dividing the quantified result for the MMB-set by that for the Mst-set.
Results
Bioprocess-related data
After a rapid start-up phase (c. 10 days), efficient reactor performance was recorded during PI-IV (11.5-15 1C; Table 1 ). A decline in performance efficiency concomitant with significant granule disintegration was observed during PVI (9.5-10.5 1C). Despite relatively unsteady performance during operation between PV-PVII (8.5-10.5 1C), the system operated generally 470% chemical oxygen demand removal efficiency (CODRE; Table 1 ). During PVIII-IX (5-10 1C), remarkably stable and efficient performance was observed (CODRE, 485%; Table 1 ). The reduction in operating temperature to 4 1C effected a decline in treatment efficiency, which recovered to 480% CODRE once the applied organic load was reduced on day 1194 (PX; Table 1 ). A complete description of the treatment trial is provided elsewhere (McKeown et al., 2009) .
Physiological characterization
The mesophilic nature of the seed inoculum was demonstrated (Table 2) . By day 673, the enrichment of propionotrophic and hydrogenotrophic psychroactivity was in evidence. Furthermore, methanogenic activity against H 2 /CO 2 was significantly higher at 15 1C than at 37 1C, suggesting the putative emergence of psychrophilic hydrogenotrophic activity (Table 2 ). Depressed acetoclastic activity was apparent by day 673 (Table 2) . At the conclusion of the trial, SMA data indicated higher hydrogen-and propionate-utilizing activity at 15 1C than at 37 1C (Table 2) . Improved methanogenic activity against acetate was apparent, but it was higher at 37 1C than at 15 1C ( Table 2 ). The hydrogenotrophic methanogenic activity of the biomass 15 months after the conclusion of the bioreactor trial was (ml CH 4 g (volatile suspended solids [VSS]) À1 d À1 ) 99 at 37 1C, 479 at 15 1C, 27 at 10 1C and 10 at 4 1C.
Clone library analysis
Phylogenetic analysis indicated that bacterial clones closely related to Bacteroidetes (50%) and Proteobacteria (12%) were predominant in the inoculum sludge (Figures 1a, 2a) . By day 673, however, a diverse community of Firmicutes-like clones dominated the library (Figures 1a, 2b ). Bacteroidetes (55%) and Firmicutes (27%) were the predominant community members on day 1228 (Figures 1a, 2c) .
ARDRA identified 13 different operational taxonomic units (OTUs) from archaeal clone libraries; seven OTUs from the seed sludge and six OTUs from reactor biomass sampled on day 1228 (Figures 1b, 2d) . Methanosaeta-and Methanomethylovoranslike clones comprised 77% and 7% of the archaeal library, respectively ( Figure 2d ). Crenarchaeota were represented by two OTUs (accession numbers, DQ679927 and DQ679928), which accounted for 16% of all archaeal clones, were closely related to environmental crenarchaeal clones previously obtained from non-thermophilic environments (Figures 1b, 2d) . By day 1228, a shift in the archaeal community structure was evident with the disappearance of non-methanogenic organisms (Figures  1b, 2e) . Methanosaeta-like clones were still a major constituent of the archaeal community at the conclusion of the trial (c. 46% of total archaeal community), but their relative abundance had diminished from the seed inoculum (Figure 2e) . Conversely, hydrogenotrophic Methanocorpusculum-like clones were dominant at day 1228 (54% of total archaeal community; Figure 2e ).
Microbial community dynamics
Non-metric multidimensional scaling ordinations of TRFLP matrices derived from the HhaI-forward primer profile showed a shift in the structure of the bacterial and archaeal communities after reactor start-up (Figure 3 ). This observation was recurrent in the non-metric multidimensional scaling ordinations and cluster analysis of the bacterial and archaeal HhaI-reverse profiles (Supplementary Figures SM1, SM2 and SM3) . Overall, the microbial community appeared more closely grouped, and thus less dynamic during phase 2 (from PVIII; Figure 3 ; Supplementary Figures SM1, SM2 and SM3). A distinct, albeit transient, shift in the bacterial and archaeal population structure was evident on day 673, coincident with a period of poor operational stability (Figure 3 ). Cluster analysis dendograms illustrated three distinct stages of archaeal community succession: (i) the mesophilic seed (37 1C), (ii) a dynamic community during operation at 15 1C and (iii) a relatively less dynamic community during operation at o15 1C (Supplementary Figure SM3) .
In silico restriction analysis of bacterial clonal sequences resulted in low phylogenetic resolution. Accordingly, this monitoring technique was not used to resolve the fate of bacterial clonal sequences throughout the trial. In silico restriction analysis of archaeal clonal sequences suggested that TRFs detected during the trial were characteristic of certain groups, thus enabling their temporal fate to be monitored (Figure 4a, b) . A complete description of the TRF fragment length resolved from in silico restriction analysis of archaeal clones is presented in Supplementary Materials (Supplementary Table  SM1 ). TRF patterns generated using the HhaI-forward primer combination indicated that Methanosaeta-like ribotypes (193 bp) were dominant members of the archaeal community (Figure 4b ). The Methanosaetalike ribotype was not detected on days 506 and 673-after the temperature reduction to 13.5 1C on day 435-and was replaced by a cluster of unidentified TRFs (Figure 4b) . A TRF of 341 bp was transiently detected between days 820 and 969 ( Figure 4b ) following a period of reactor instability, but was not detected after day 1111 when efficient performance was resumed (Figure 4b ). This TRF was not retrieved from clonal sequences, but was identified from an in-house in silico restriction database as a Methanosarcina-like ribotype. The Methanosaeta-like TRF signal re-emerged from day 820 and was detectable at high relative abundance for the remainder of phase 2 (Figure 4b ). Methanobacterium-like TRFs (331 bp; identified from an in-house database) were also dominant throughout phase 2 (Figure 4b ). The relative abundance of this TRF increased from day 918 to 1111 (6-10 1C), but diminished from day 1135 (o6 1C; Figure 4b ). A Methanocorpusculum-like ribotype (121 bp) was increasingly dominant at operational temperatures o10 1C (Figure 4a ).
qPCR analysis
Quantitative real-time PCR assays showed that the ratio of the order Methanomicrobiales to the family Methanosaetaceae during phase 2 was 0.07, (Figure 2b ) and TRFLP analyses (Figure 4a ), which suggested the emergence of hydrogenotrophic groups as dominant members of the archaeal community during the latter half of the trial.
Discussion
The Figure 1 Phylogeny of (a) bacterial sequences obtained from seed sludge (accession numbers DQ386699-DQ386704) and temporal reactor biomass on day 673 (accession numbers EU722369-EU722392) and day 1228 (accession numbers EU722352-EU722368), and (b) archaeal sequences obtained from seed sludge (accession numbers DQ679927-DQ679933) and reactor biomass (day 1228; accession numbers FJ347527-FJ347532). Phylogeny was calculated using the Kimura-2 algorithm and the neighbour-joining method (Saitou and Nei, 1987) . Bootstrap replicates supporting the branching order are shown at relevant nodes (total 100 replicate samplings). Biomass source and coverage of clonal sequences (%) are given in parentheses.
Long-term, low-temperature cultivation of mesophilic anaerobic sludge RM McKeown et al temperature affected the community structure of the mesophilic seed biomass during cultivation at o15 1C, and that distinct stages of community development occurred over the trial, ultimately resulting in reduced dynamism and high methanogenic activity under low-temperature conditions.
Bacterial community structure and population dynamics Spirochaetes emerged by day 673 and were also detectable at the conclusion of the trial. This group are typically found in organic-rich oxygen-poor environments, where they may show both fermentative and acetogenic metabolism; they may be significant bacterial community members within mesophilic granular biofilms, representing up to 25% of total bacterial community (Hernon et al., 2006) . However, this group has not been reported to play a significant role in low-temperature consortia. Although they seem to be numerically important in our psychroactive consortium, their function remains unclear.
Propionate is a key intermediate in the biotransformation of organic material within anaerobic digesters (DeBok et al., 2004) . Owing to the typically low prevailing sulphate concentrations in anaerobic digesters, propionate is principally degraded by syntrophs coupled with H 2 -consuming methanogenesis (Ariesyady et al., 2007) . A putatively psychrophilic propionate-utilizing population was evident in the activity profiles of the reactor biomass by the conclusion of the trial (Table 2 ). This observation is important for the application of LTAD as propionate oxidation has been identified as the rate-limiting step under cold operational conditions (Rebac et al., 1999) . Clone library analysis showed the high relative abundance of clonal sequences closely Long-term, low-temperature cultivation of mesophilic anaerobic sludge RM McKeown et al related to organisms with potential for propionate oxidation, namely, Smithella, Syntrophus, Syntrophomonas, Pelotomaculum and Desulfovibrio spp. (Figure 1a ). It is likely that these groups were responsible for the apparent psychrophilic propionotrophic activity shown by batch activity assays (day 1243; Table 2 ). The Chloroflexi are reported to be important community members within mesophilic and thermophilic wastewater treatment systems, where they may represent up to 20% of the total microbiota (Chouari et al., 2005; Levén et al., 2007) . Yet, few reports exist that describe their importance within cold environments. The reduced relative abundance of Chloroflexi by day 673, and the inability to detect them by day 1228, suggests that this group were functionally redundant within the low-temperature consortium, or lacked the ability to adapt to psychrophilic conditions (Figure 2 ).
Archaeal community structure and population dynamics Methanogenic Archaea were relatively more abundant in the seed biomass than non-methanogenic archaeal groups (Figure 2d ). The prevalence of Figure 2 Comparative distribution of bacterial groups detected by clone library analysis carried out on (a) seed inoculum and reactor biomass on (b) day 673 and (c) day 1228, and archaeal groups detected by clone library analysis on (d) seed inoculum and (e) reactor biomass (day 1228).
Long-term, low-temperature cultivation of mesophilic anaerobic sludge RM McKeown et al Crenarchaeota-like clones (Group 1.3) has been reported in both mesophilic (Chouari et al., 2005; Levén et al., 2007) and psychrophilically cultivated anaerobic granular biomass, where they may represent a significant proportion of the total archaeal microbiota McHugh et al., 2005) . No Crenarchaeota-like ribotypes were detected at the conclusion of the trial (Figure 2e) , which is in accordance with the findings of McHugh et al. (2004) and Enright et al. (2007) , who reported the disappearance of Crenarchaeota-like clones during low-temperature wastewater treatment trials. Contrary to these data, studies on Arctic peat slurries have demonstrated that non-methanogenic Archaea (including group 1.3b Crenarchaeota) were increasingly important at low temperatures (Høj et al., 2008) . The role of non-thermophilic Crenarchaeota in natural and engineered low-temperature environments remains elusive.
Methanosaeta-like organisms were dominant throughout the trial (Figures 2d, e) and are believed to be competitive in established methanogenic communities (Jetten et al., 1990; McHugh et al., 2003) . The transient disappearance of the Methanosaeta-like TRF signal was observed on days 506 and 673 (PII-VI; 9.5-13.5 1C; Figure 4b ). Furthermore, batch physiological assays indicated no significant development of acetoclastic methanogenic activity up to day 673 (Table 2) . We posit that the temporal loss of these architecturally important ribotypes lead to the observed granule disintegration during PVI, as the filamentous Methanosaeta are believed to play an important role in the formation and maintenance of granular sludge in anaerobic bioreactors . No significant disintegration of the granular sludge occurred during phase 2. This observation, coupled with continued detection of Methanosaeta-like TRFs during phase 2, showed that architecturally important ribotypes may be maintained within granular biofilms during long-term operation at temperature o10 1C.
A Methanosarcina-like TRF transiently appeared between days 820 and 969 (Figure 4b ), corresponding to a period of reactor instability immediately after the temperature shock and subsequent to the temporal loss of the Methanosaeta-like signal. Methanosarcina have been observed in systems experiencing poor performance and may be indicative of operational instability and acetate accumulation (McMahon et al., 2004) . Methanosaeta have been shown to out-compete Methanosarcina under conditions of (i) low residual acetate concentration (Griffin et al., 1998) and (ii) low temperature (Chin et al., 1999) . It is likely that, under steady operational conditions, the low prevailing residual acetate concentrations (typically o30 mg l À1 ; VFA data not shown), coupled with the reduced operational temperature, contributed to the suppression of Methanosarcina by Methanosaeta groups for the majority of the trial. However, VFA analysis carried out during days 805-835 showed that residual acetate concentrations within the system peaked at c. 156 mg l À1 (VFA data not shown), which is above the threshold values required to support Methanosarcina (Jetten et al., 1990) . Accordingly, we submit that the reduced operational performance and subsequent acetate accumulation observed between days 820 and 969 enabled Methanosarcina to temporally accumulate within the biofilm, thus allowing their transient detection by TRFLP analysis. The subsequent resumption of stable and efficient operation likely led to the re-emergence of Methanosaeta as the dominant acetoclastic population.
Changes in trophic structure and redistribution of carbon flow Studies have documented that, under low-temperature conditions, acetate represents the main precursor of methanogenesis in both natural (Schulz , 1997; Fey et al., 2004; Glissmann et al., 2004) and engineered systems Akila and Chandra, 2007) . Such a shift is likely as a result of enhanced homoacetogenic activity (Schulz and Conrad, 1996) . Conversely, methanogenesis has been shown to predominantly proceed through the hydrogenotrophic route in low-temperature natural (Horn et al., 2003; Kotsyurbenko et al., 2007) and engineered anaerobic bioreactors Connaughton et al., 2006; Syutsubo et al., 2008) . Under low-temperature conditions, improved thermodynamics of methane formation from H 2 / CO 2 , coupled with the enhanced solubility and therefore accessibility of H 2 /CO 2 in the reactor liquor, are thought to account for this phenomenon (Lettinga et al., 2001) . By day 673 of the trial, SMA assays at 15 1C indicated that maximum potential methanogenesis was channelled through hydrogen Long-term, low-temperature cultivation of mesophilic anaerobic sludge RM McKeown et al rather than acetate (Table 2) . Indeed, higher hydrogenotrophic methanogenic activity was apparent at 15 1C than 37 1C. It is possible that operation below sub-optimal temperatures applied a selective pressure favoring the emergence of hydrogenotrophic methanogens. Furthermore, under conditions of low hydrogen availability and sufficiently high biomass concentration, as was likely the case within our system, hydrogenotrophic methanogens have been shown to out-compete homoacetogens for hydrogen (Kotsyurbenko, 2005) . The continued detection of psychrophilic H 2 -utilizing methanogenic activity from our physiological assays further supports this hypothesis (Table 2) . By the conclusion of our trial, hydrogenotrophic methanogenic activity remained higher under low-temperature conditions (Table 2) , suggesting the enrichment of psychrophilic organisms occurred during long-term cultivation of mesophilic biomass. These data abet Rebac et al. (1999) who posit that psychrophilic homologues are likely to be present in low densities in mesophilic inocula, unable to manifest in activity profiles because of the high numbers of mesophiles. The emergence of putatively psychrophilic acetoclastic activity from cold-acclimatized mesophilic biomass treating glucose-based wastewaters further supports this hypothesis (Akila and Chandra, 2007) . Clone library analysis carried out at the conclusion of the trial indicated that hydrogen-utilizing Methanocorpusculum-like clones had emerged as dominant members of the archaeal community by the conclusion of the trial (450%; Figure 2e ). qPCR analysis generally supported clone library, TRFLP and batch physiological data, highlighting the emergence of hydrogenotrophic groups as dominant community members during phase 2. Our Methanocorpusculum-like clones, FJ347529 and FJ347530, were closely associated (sequence homologies, X98%) with Methanocorpusculum parvum (accession number, AY260435; Figure 1b) , a psychrotolerant hydrogenotrophic isolate from anoxic sediments of polluted pond water (Simankova et al., 2003) . These clones likely represent the putative hydrogenotrophic psychrophiles identified by SMA testing. Although found to be able to grow at temperatures o5 1C, this hydrogen-and formate-utilizing organism was not truly psychrophilic, but merely psychrotolerant, displaying a wide temperature range for growth (5-35 1C), but retaining a mesophilic growth optimum at 25 1C (Simankova et al., 2003) . However, the ability of isolates from cold environments to grow more rapidly at higher temperatures is a poor indication of the ability to adapt to cold environments; activity at low temperatures is the defining characteristic of a cold-adapted consortium (Cavicchioli, 2006) . Accordingly, the temperature response observed from our batch activity assays is consistent with a truly psychrophilic methanogenic consortium (Table 2 ). We will next attempt to isolate these psychrophilic hydrogenotrophic methanogens from the cold-adapted granular biomass.
In summary, multivariate statistical analyses of archaeal and bacterial TRFLP matrices during the start-up phase (day 0-94) illustrated distinct shifts in population dynamics. This observation, coupled with the rapid start-up period (485% chemical oxygen demand removal after 10 days (McKeown et al., 2009) , suggests that the mesophilic sludge adapted quickly to low-temperature operation through changes in the community structure. The microbial population was apparently less dynamic during the latter half of the trial, suggesting that long-term psychrophilic cultivation of mesophilic biomass lead to the selection of a more stable cold-adapted consortium, with a high proportion of both acetoclastic and hydrogenotrophic populations. It seems that a stability threshold was reached, whereby a less dynamic and well-functioning psychroactive consortium was then established. Much work remains to be done to determine the ecophysiology of these groups-particularly of Crenarchaeota, cold-adapted syntrophic bacteria and psychrophilic methanogens-in psychroactive consortia. Research should next focus on novel approaches that explicitly link identity with function, as well as the application of metaproteomic strategies.
Conclusions
Low-temperature cultivation of mesophilic inoculum sludge leads to dynamic changes in the microbial community structure; Long-term operation under low-temperature conditions can then lead to the selection of a less dynamic cold-adapted methanogenic consortium, including psychrophilic propionate-oxidizing bacteria and hydrogenotrophic methanogens; Methanosaeta spp. may be retained within anaerobic granular biofilms during prolonged cold bioreactor operation, allowing high acetoclastic activity and granular stability; Hydrogenotrophic Methanomicrobiales can become important members of the methanogenic community at temperature o10 1C; The development of a well-functioning, psychroactive consortium underpinned the high conversion rates and operational stability achieved in the bioreactor.
